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ABSTRACT
A fluorescence method using labeled chromophores to study the curing kinetics of a polyurethane (PU) system was 
developed. A PU system based on fluorescent-labeled hexamethylene diisocyanate and a polyol (polyether/polyester) 
was cured at different temperatures (25, 40, 50, and 65°C). The fluorescent response from the 5-
dimethylaminonaphtalene-1-(N-2-aminoethyl)sulfonamide and 4-methacryloylamino-4′-nitrostilbene moieties 
chemically bonded to the PU system was monitored as a function of the curing time. With the fluorescence data, it was 
possible to model the kinetics of the curing process. Methods based on the fluorescence intensity ratio and the first 
moment of the fluorescent band emission were applied to determine the degree of curing of the PU system. In addition, 
it was possible to calculate an apparent activation energy for the curing process, and a value of 17 kJ/mol was obtained.
INTRODUCTION
The polymerization processes of diisocyanate mono-
mers are quite interesting because of the importance of
the production of polyurethane (PU), which is used
for high-performance materials such as coatings, elas-
tomers, adhesives, foams, and structural composites.
Therefore, a quantitative understanding of the reac-
tion kinetics is essential for assessing the feasibility
and design of commercial PU processes. A number of
previous studies have focused on the mechanism and
kinetics of these reactions,1–11 and they have reveled a
number of different mechanisms. For instance, the
mechanisms depend on the reaction mixture compo-
sition, temperature, moisture, catalysis, and so forth.
In most cases, the kinetics of the reactions between
isocyanate (NCO) and hydroxyl (OH) groups has been
analyzed according to the classical second-order reac-
tion rate equation,7–11 although deviations from sec-
ond-order kinetics have often been found.1,3,5,10,11
These deviations can be explained, according to the
system and reaction conditions, in terms of the cata-
lytic effects, secondary competing reactions, and gel
formation.4,7 However, the mechanism is not clear at
the moment. The establishment of a kinetic model and
knowledge of the contributions of various kinetic pa-
rameters, such as the activation energy, in complex
reactions provide control over the production of final
products with the desired handling properties.
There are a number of classical techniques used to
investigate cure processes, such as differential scan-
ning calorimetry (DSC), dynamic dielectric analysis,
dynamic mechanical thermal analysis, and Fourier
transform infrared (FTIR). However, none of these
have proven to be very sensitive, nondestructive tech-
niques for monitoring in situ and real-time polymer-
ization processes. The most common analytical meth-
ods for kinetic studies of the curing of PU systems are
FTIR and DSC, although they show some limitations
in sensitivity at high degrees of the curing process. In
FTIR studies, the decrease in the NCO band at 2271
cm1 is often used to monitor the curing process,10,12
although some difficulties appear when the analysis
conditions are not very well controlled because the
bending CO2 band can interfere with the NCO band.
For DSC, the dynamic, isothermal, and model-free
isoconversional modes have been used to monitor the
curing process of PU systems.9 Conversions obtained
from these three methods agree well with one another,
indicating that the isothermal and model-free isocon-
versional modes can successfully be used for monitor-
ing the curing process.9 Nevertheless, DSC methods
are not suitable for monitoring real-time processes or
for the nondestructive analysis of polymers.
Fluorescence is a very sensitive and nondestructive
technique for monitoring the curing of different poly-
meric systems.13–22 The use of the fluorescent response
from labels has become a very powerful tool for fol-
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lowing changes in its surroundings, such as the polar-
ity and rigidity.13–25 Some studies have proposed that
an enhancement in the microviscosity of the medium
leads to a decrease in the nonradiative decay rate and,
consequently, an increase in the fluorescence quantum
yield.17 Others use the increase in the fluorescence
intensity that comes from the chemical changes in the
fluorophore.18,21 However, this method does not elim-
inate the effect of intensity variations arising from
external factors, such as lamp intensity, optical align-
ment, probe location, excitation area, and temperature
variation. Because of these limitations, new methods
for fluorescence analysis are required. Neckers and
coworkers26,27 reported the use of fluorescence probes
for monitoring the curing process of polyacrylate
monomers with an intensity ratio method, and more
recently, Lemmetyinen and coworkers19,20 developed
a new intensity ratio method, in which the ratios of the
low-to-high-intensity changes (LHICs) in the emission
bands were used to determine the degree of the curing
processes.
However, some fluorescent molecules, such as dan-
syl (DNS)16,28,29 and 4-dimethyamino-4-nitrostilbene
(DANS) derivatives,14,20 show an appreciable shift in
their fluorescence emission band, depending on the
polarity and rigidity of their surroundings. Therefore,
their spectral shifts seem to be good photophysical
parameters for monitoring the changes appearing in
polymeric systems. In general, the dipole moment of
fluorophores in the excited state is higher than the
dipole moment in the ground state, especially for flu-
orescence moieties such as DNS and DANS deriva-
tives. Because of this, in the excited state it is possible
to establish an effective dielectric coupling between
the dipole moment of the excited fluorophore and the
dipole moments of the surrounding groups in the
system. When the dielectric coupling occurs, a stabili-
zation of the excited state appears, and more effective
coupling leads to greater stabilization. This character-
istic behavior is translated into a redshift in the fluo-
rescence emission band of the fluorophore.28 There-
fore, the position of the fluorescence emission will be
affected by changes in the dielectric constant of the
system and changes in the refractive index. However,
the stabilization of the excited state of the fluorophore
depends on the relaxation time of the surrounding
dipoles. The stabilization of the excited state is only
possible when that relaxation time is shorter than the
lifetime of the fluorophore excited state.28 Therefore,
the greater the relaxation times are, the less effective
the dielectric coupling is and the smaller the redshift
is. Because curing processes imply the enhancement of
the viscosity in the system, there must be a decrease in
the molecular motions, and so the relaxation times
must be shorter; therefore, a blueshift of the fluores-
cence emission band is expected with the curing time.
Generally, changes in the value of the maximum in
the emission band are measured as the wavelength or
wavenumber. Nevertheless, when small shifts are in-
volved, the spectra may not have sufficient resolution
to detect variations without a large dispersion in the
data.13 To solve this problem, we propose using the
average of the wavenumber from the emission band,
that is, the first moment, , defined as follows:
 
i Ii Ii (1)
where i is a particular wavenumber in the range of
the fluorescence spectrum and I(i) is the fluorescence
intensity for that particular wavenumber.
Finally, with a bifurcate optical guide, it is possible
both to excite the sample and to collect its fluores-
cence, nondestructively, in situ and even with online
processes.
The aim of this work was to model the kinetics of
the reaction of hexamethylene diisocyanate-based PU
with new fluorescence conversion (f) data obtained
from photophysical parameters. Two fluorescence la-
bels, DNS and DANS (chemically attached to the di-
isocyanate component), were used to monitor the cur-
ing process of the PU, and the intensity ratio and
first-moment methods were applied to evaluate the
reaction rate at any conversion.
EXPERIMENTAL
The PU system studied in this work was prepared by
the mixing, at room temperature, of the polyol (poly-
ether/polyester, 58.7 wt %) with the accelerator (dibu-
tyltin dialurate, 0.117 wt %) and NCO (hexamethylene
diisocyanate, 41.3 wt %). After that, the system was
cured at predetermined temperatures. This PU formu-
lation, commercially named PU1096, was supplied by
Gairesa Co. (Lugo, Spain).
Two reactive fluorescence molecules that showed
spectral shifts with microviscosity changes were se-
lected, 5-dimethylaminonaphtalene-1-(N-(2-aminoeth-
yl)sulfonamide (DNS label) and 4-methacrylo-
ylamino-4-nitrostilbene (DANS label), which were
synthesized at Carlos III University (Madrid, Spain).
Both of them had an amine functionality to react with
the NCO groups. The labeling reactions were carried
out by the mixing of the first component of the PU1096
system with the fluorescent moiety, stirring with a
magnetic bar, and heating for 16 h at 60°C. The
amount of the fluorescence label was calculated to be
2.5  104 mol/kg of PU mixture.
For the preparation of the PU polymer samples, the
labeled first component was mixed with the second
component in a weight proportion of 1.42/1.0. The
mixtures were placed between two glass plates, their
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thicknesses controlled with double-coated tape (0.9
mm). The curing processes were monitored at four
temperatures (25, 40, 50, and 65°C) with a Spex Flu-
orolog 3 spectrofluorometer with front-face geometry.
The sample was placed in a typical sample holder
with a thermostated jacket, and for control of the
temperature at any moment, a thermocouple was
mounted on the glass plates. The excitation wave-
lengths were 360 and 415 nm, and the spectra were
recorded automatically at regular intervals of time
from 370 to 620 nm and from 425 to 700 nm for the
DNS-labeled and DANS-labeled PU systems, respec-
tively.
The experimental data were examined with an Excel
macro developed by the authors that calculates from
the spectra the integrated fluorescence intensity, the
LHIC values, and the first-moment values.
RESULTS AND DISCUSSION
DNS label
As an example, in Figure 1 the fluorescence spectra of
the DNS label are shown for different curing times at
25°C. A broad band is observed that undergoes a
blueshift when the curing of PU proceeds. In addition,
the intensity clearly shows changes as a function of the
curing time. In Figure 2, the evolution of the normal-
ized integrated intensity of the DNS-labeled PU with
the curing time at 25, 40, 50, and 65°C is plotted.
The emission intensity of the DNS label shows sim-
ilar tendencies. There is a general increase in the in-
tensity as the curing of PU takes place at the temper-
ature used for the reaction. However, some fluctua-
tions in the intensity variations did not allow
correlating the intensities directly with a conversion
percentage. If we consider the interpretation of
Loufty17 for the increase in the fluorescence intensity
with an increase in the viscosity, the curing time for
which the intensity starts leveling off might be con-
sidered the beginning of the vitrification region. As-
suming the last argument, in Figure 2 we show the
vitrification times, and they are, as expected, depen-
dent on the temperature of curing.
Because the variation of the fluorescence intensity
does not seem to be a good parameter for determining
the degree of curing, LHICs19,20 and the first-mo-
ment13 methods have been used.
In the LHIC method, the spectrum of the cured
polymer, measured at infinite time, is divided by the
spectrum of the mixed monomers, measured at time
zero. Therefore, the intensity changes are obtained as
a function of the wavenumber, and the low-intensity
changes and high-intensity changes can be found. The
results for the DNS label are presented in Figure 3.
The LHIC curves are obtained by the intensities at a
certain wave number in the shorter wave-number re-
gion (16,863 cm1) being divided by the intensities at
the longer wave-number region (22,831 cm1) at all
moments of the curing time. Normalized LHIC ratios
of the DNS label as a function of the curing time of the
PU1096 system for four temperatures are shown in
Figure 4.
Figure 1 Fluorescence emission spectra of the DNS label during the curing of PU1096 at 25°C. The vertical arrows indicate
the order of spectra during the curing process.
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Correlations between the normalized LHIC ratios
and conversion percentages measured by FTIR10 are
shown in Figure 5. As can be seen, although only at
25°C there is a nearly linear correlation, the plots
clearly show evidence that this method is related to
the conversion of the curing in PUs at any reaction
time.
In the first-moment method, the energy average of
the fluorescence emission spectra, , is obtained at
different curing times. The  values of the DNS
Figure 2 Evolution of the normalized integrated intensity of the DNS-labeled PU1096 with the curing time at 25, 40, 50, and
65°C.
Figure 3 Ratio of the fluorescence intensities (infinite time/time zero) of the DNS label in the curing process of PU1096 as
a function of the wave number.
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label as a function of the curing time of the PU1096
system for four temperatures are shown in Figure 6.
The general tendency at any curing temperature is
that the  parameter increases as the reaction pro-
ceeds. For the system under study, two large
changes are happening during the cure process: (1)
the polarity decreases as the OH groups are con-
sumed and (2) the viscosity increases as the molec-
Figure 4 Normalized LHIC ratios of the DNS label as a function of the curing time of the PU1096 system for four
temperatures.
Figure 5 Normalized LHIC ratios as a function of the conversion obtained by FTIR for the PU1096 curing process.
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ular weight and crosslink density increases. This
result agrees with the blue Stokes shift expected in
the emission of one fluorophore when the dipole
moments of the surrounding groups are lower and
when their motions are restricted.30 The selection of
this parameter arises from the idea that the same
variations occur for any fluorophore, although only
when vibrational stabilizations are observed. In
Figure 6 First-moment values, , of the fluorescence band (DNS label) as a function of the curing time of the PU1096 system
for four temperatures.
Figure 7 First-moment values, , of the fluorescence band (DNS label) as a function of the conversion obtained by FTIR for
the PU1096 curing process.
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these cases, for which the shifts are very small and
the fluorometers are not accurate enough to detect
changes, the problem is solved by the averaging of
the fluorescence band. This method offers, in most
cases, plots with very low data dispersion, even
when the changes are very small.
The correlation between the first-moment values
and conversion percentages measured by FTIR10 (Fig.
Figure 8 Classical plot for second-order kinetics. f is the conversion, obtained from the fluorescence of the DNS label,
during the curing of PU1096.
Figure 9 Fluorescence spectra of the DANS label at different curing times for the reaction of PU1096 at 25°C.
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7) shows the same results as the normalized LHIC
ratios show. Therefore, this method can monitor the
curing of PUs at any reaction time, and one could
select any of these data processing methods to do the
kinetic analysis. In fact, the two parameters studied
seem to change even when FTIR conversions are
higher than 100 %. These results suggest that fluores-
cence solves the problems of saturation and sensitivity
of the classical methods (FTIR and DSC). For the DNS
label, we selected the first-moment method, first be-
cause of its physical meaning and second because at
any temperature there is a direct correspondence be-
tween the  value and the chemical conversion.
Taking into account the aforementioned results, to
estimate correctly the activation energies in cure pro-
cesses, we prefer to use the relative extents of cure
instead of the absolute values;31 for the kinetic analy-
sis, we define f as follows:
f 
i  0
  0
(2)
where 0, t, and  are the first-moment values at
times t 	 0, t 	 t, and t 	 . f as a function of the PU
curing time showed behavior similar to that found
with FTIR.10
With the classical second-order reaction rate equa-
tion for the kinetics of the reactions between NCO and
OH groups assumed, the plot of 1/(1  f) versus time
should yield a straight line (Fig. 8). As can be seen in
Figure 8, the fluorescence data clearly confirm the
second-order kinetics with a correlation factor greater
than 0.996. When FTIR and DSC data are used,9,10 only
part of the curing reaction supports the second-order
reaction mechanism. This apparent discrepancy indi-
cates that the classical techniques (FTIR and DSC) are
not sensitive enough during the last stages of the
Figure 10 Normalized LHIC ratios (top) and first-moment values (bottom), obtained from the DANS label fluorescence, as
a function of the conversion obtained by FTIR for the PU1096 curing process.
8
curing reactions. From the slope of the Arrhenius plot
(ln k vs 1/T), the apparent activation energy, 16.9

 3.9 kJ/mol, has been calculated.
DANS label
The fluorescence spectra of the DANS label for differ-
ent curing times when the reaction of PU1096 takes
place at 25°C are shown in Figure 9 as examples. A
broad band can be seen with signals of a background
emission that undergoes a blueshift with the curing of
PU. For this fluorescence label, the emission intensity
continuously decreases as a function of the curing
time. An apparent increase in the fluorescence inten-
sity appears during the last stages of the curing. This
result was confirmed to be an artifact when the spectra
of the labeled sample were subtracted from the fluo-
rescence background of the PU1096. The decrease in
the emission intensity with an increase in the viscosity
is not a general phenomenon. We interpret this result
in terms of one of the two possible nonradiative pro-
cesses that can occur in the excited state of DANS:32 (1)
trans–cis isomerization around the stilbene double
bond can occur and (2) as the reaction of PU takes
place, the number of OH groups decreases, giving the
system a less polar character. The cis isomer is favored
in low-polarity solvents, and because it does not flu-
oresce, a decrease in polarity means a decrease in the
fluorescence intensity, as shown in Figure 9. In fact, as
curing proceeds, the labeled sample goes from the
characteristic yellow color of the trans isomer stilbene
to white.
Since the trans–cis isomerization does not affect
the energy associated with the transition that gives
fluorescence for the DANS label, the use of the LHIC
and the first-moment methods are also valid for ki-
netic studies in the PU1096 system.
Figure 10 shows the correlation between normalized
LHIC ratios (top) and the first-moment values (bot-
tom) with the conversion percentages measured by
FTIR. Similar observations are found with the DNS
label. Nevertheless, when DANS is used, kinetic stud-
ies cannot be performed because the LHIC ratios and
the  values continuously increase without leveling
off at longer curing times. Apparently, there is an
important contribution to the blueshift due to high
scattering. Therefore, it can be concluded that the ni-
trostilbene derivatives are not good fluorophores for
monitoring the curing processes with large changes in
the polarity of the system because of the potential
trans–cis isomerization process.
CONCLUSIONS
The use of the fluorescence response from DNS and
DANS labels has been demonstrated to be a good
method for studying the conversion of the curing in PUs.
The two photophysical parameters used to follow the
cure process are the LHIC ratio and the first moment of
the fluorescence. Changes even at very high conversions
are obtained with respect to FTIR. This suggests that the
fluorescence method might solve the problems of sensi-
tivity found with the classical methods (FTIR and DSC).
With the relative variation of the first moment for
the DNS label, it was possible to model the kinetics of
the PU system and obtain an apparent activation en-
ergy of 17 kJ/mol.
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